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PRESSURE AND CONVECTIVE HEAT -TRANSFER 


MEASUREMENTS IN A SHOCK TUNNEL 

USING SEVERAL TEST GASES 

By Joseph G. Marvin and Clifford M. Akin 
Ames Research Center 


SUMMARY 


Pressures on a hemi sphere- cylinder , and convective heat transfer on a 
hemisphere- cylinder , a blunted 30 ° cone, and the afterbody of a capsule-type 
shape were measured in air, nitrogen, carbon dioxide, and argon. The tests 
were performed in a combustion- driven shock tunnel at enthalpies from 3300 to 
5400 Btu/lb, depending on the test gas. 

The pressure distributions on a hemisphere- cylinder did not differ 
significantly in the various test gases. This was influenced by nonequilib- 
rium effects which occurred when some of the gases passed over the model. 

The stagnation-point heat-transfer data compared reasonably well with 
theory. On the basis of equivalent total enthalpy, the heat-transfer rate in 
argon was approximately 30 percent higher than that of the other gases. The 
heating-rate distributions on all the configurations were not influenced 
significantly when the test gas was changed. The distribution of heating on 
the hemisphere-cylinder was adequately predicted by theory using measured 
surface pressures. 


INTRODUCTION 


The convective heat transfer to a body flying in gases different from air 
is of interest to the designer of probes entering planetary atmospheres. 

Within the last few years several analytical and experimental studies have 
been undertaken to determine convective heat transfer in gases present in 
these atmospheres. See, for example, references 1 to 7 ■ It was found in 
reference 3 that the heating-rate distribution in air, nitrogen, hydrogen, 
carbon dioxide, and argon depends mainly on the inviscid flow as reflected in 
the surface -pres sure distribution and the boundary-layer- edge velocity. Little 
or no experimental data at sufficiently high enthalpies were available, except 
for air, to verify this conclusion; therefore, an experimental program was 
undertaken to obtain heating-rate distribution data on simple conf igurations 
with different surface-pressure distributions. 

It is the purpose of this report to present experimental surface pressure 
and heating-rate distribution data obtained in air, nitrogen, carbon dioxide. 



and argon at stagnation enthalpies sufficiently high to cause real-gas effects 
in the flow field around the models. These results are compared with one 
another and with theory. 


SYMBOLS 


C constant in equation (4) 

C constant in equation ( 3 ) 

g’(0) wall enthalpy gradient normal to the wall in a transformed 

coordinate system 

g normalized total enthalpy, H/H eo 

H total enthalpy 

m exponent describing dependence of heating- rate ratio on pressure 

ratio 

n shape parameter n = 1 for axisymmetric bodies and n = 0 for 

two-dimensional bodies 

N velocity exponent in equation ( 3 ) 


P 

Pr 

^w 

r 

R 

R b 

t 

u 

U 

x 

% 

Xo 


pressure 
Prandtl number 
wall heat-transfer rate 
body coordinate (see fig. 2) 
body nose radius 

maximum radius of capsule configuration (see fig. 2) 
time 

velocity in streamwise direction 

average velocity along stagnation streamline 

distance along the body surface in the streamwise direction 
measured from the stagnation point 

ratio of the number of nitrogen atoms to the total number of 
available nitrogen atoms 

ratio of the number of oxygen atoms to the total number of 
available oxygen atoms 
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equilibrium atom fractions based on the nonequilibrium temperature 


•y * -y ^ 

A o * a n 


z 

ratio of number of moles of gas to 

original number of cold 

moles 

a 

degree of ionization 



A 

shock standoff distance 



P 

viscosity 



P 

density 




Subscripts 



e 

outer edge of the boundary-layer value 


o 

stagnation -point value 



t 

total stream condition obtained by 
stream to rest 

isentropically bringing 

the 

w 

wall value 



2 

condition behind a normal shock 



00 

free-stream value 




APPARATUS AND TEST CONDITIONS 


Facility and Instrumentation 

The tests were performed in the Ames 1-Foot Shock Tunnel. A schematic 
drawing of the essential components of this facility is shown in figure 1. A 
complete description of the components and operating conditions using air as 
the test gas is presented in references 8 and 9- Briefly, this facility uses 
a combustion-driven shock wave reflected off the end wall of the driven sec- 
tion to compress the test gas to a high enthalpy and pressure. This gas is 
then expanded through a nozzle and over the test model. A 20°-included-angle 
conical nozzle with a 1-foot exit diameter and a 0.2-inch throat diameter was 
used for all tests . 

Instrumentation for the 1-foot shock tunnel is also described in 
references 8 and 9* The incident shock-wave velocity is determined from five 
ionization probes spaced along the driven section, and the stagnation pressure 
is determined with quartz -crystal transducers with response times sufficiently 
rapid to measure the incident and reflected shock pressures. Use of gases 
other than air produced no adverse effects on this instrumentation. 
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Test Conditions 


Prior to the present investigation, the 1-foot shock tunnel had used only- 
air as the test gas, and tunnel calibration dataware lacking for other gases. 
The following table lists the nominal tailored-operating test conditions for 
air and those that were estimated for the other gases. 


Gas 

Ht, 


U oo> 


z e 0 > 

a e 0 > 

Btu/lb 

atm 

ft/ sec 

atm 

equil 

equil 

Air 

4500 

285 

13,000 

0.150 

1.23 

0 

n 2 

5000 

285 

14,900 

.146 

1.2 

0 

C0 2 

5400 

285 

12,000 

.140 

1-75 

0 

A 

3250 

285 

12,700 

.150 



. 06 

5130 

285 

16,000 

• 117 

— 

• 15 

The estimated gas purity was 
mately 25 milliseconds in all 

99*4 percent by volume, 
gases . 

Test times 

were approxi 


The stagnation enthalpy was obtained by solving the conservation equa- 
tions across the incident-normal and reflected-normal shocks. Initial driven- 
section pressure and incident shock velocity were measured and the appropriate 
thermodynamic data were calculated by H. Bailey of Ames. Since the measured 
total pressure was higher than the calculated reflected shock pressure, the 
final stagnation enthalpy was obtained by assuming isentropic compression from 
the calculated pressure to the measured pressure. This usually resulted in an 
increase in total enthalpy of approximately 10 percent. 

Measurements of test-section static pressure in air and carbon dioxide 
indicated the test streams in these gases were frozen. For air, a freeze 
Mach number and test-section velocity were determined by matching test-section 
pitot- and static -pressure measurements with those calculated in reference 10 
for the stagnation enthalpy and the effective area ratio, obtained from a 
mass -flow-probe measurement. The mass- flow probe was similar to the one des- 
cribed in reference 11. For carbon dioxide, information similar to that in 
reference 10 was not available so the gas was assumed to be fully excited 
vibrationally, and chemically frozen at the stagnation conditions of pressure 
and enthalpy. The effective area ratio determined for air was then used in 
estimating the test-section velocity. For nitrogen the free-stream velocity 
was obtained from a nonequilibrium nozzle calculation using the air effective- 
area ratio. The computer program for this calculation is described in refer- 
ence 12. For these test gases, the effect of free-stream dissociation on the 
test results was assumed to be negligible. For argon the free-stream velocity 
was estimated from the air effective area ratio with the assumption of thermo- 
chemical equilibrium through the nozzle. This was a reasonable assumption 
since the high-enthalpy argon in the driven section was only electronically 
excited, and the spontaneous decay from this state takes place very rapidly 
compared to the flow time. 
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Models and Instrumentation 


Three configurations were used for these tests (see fig. 2). The nose 
sections were spherical, followed by either conical or cylindrical afterbodies. 
Configuration A was a hemisphere-cylinder approximately 3 diameters long. 
Configuration B was a spherically -blunted 30° half -angle cone. Configuration 
C was a spherically -blunted capsule shape with a conical afterbody. 

A pressure model was constructed for configuration A only. It was made 
of stainless steel and instrumented with capacitance-type pressure transducers 
flush-mounted to the inside of the model wall. Orifice openings 0.09 inch in 
diameter on the model surface exposed the measuring side of the transducer to 
the surface pressure. The transducers had a diaphragm separating the measur- 
ing and reference sides. The capacitance change of a gap on the reference 
side gave a measure of the pressure when the diaphragm deflected. The trans- 
ducer range was from 0 to 5 psia. 

A thin-walled, heat -transfer model of configuration A was made from 
electroformed copper. The hemispherical nose was 0.015 inch thick and the 
cylindrical afterbody was 0.010 inch thick. Three techniques were used to 
install thermocouples because of the difficulty of spot-welding to copper. 

Along one meridian plane, single No. 40 gage constantan wires were installed 
in holes drilled through the skin and then silver soldered into place, 
(information in the NBS standard monograph (March 1962 ) on thermocouple mate- 
rials and the ASTM spec B-3-^-5 ion copper showed that the copper model shell 
was suitable for thermocouple use.) A common copper wire was silver soldered 
to the rear of the model, thus completing a copper -constantan junction. Dia- 
metrically opposite the single wire junctions, a second row of copper- 
cons tantan thermocouples was installed in the same manner as the single 
constantan wire. Finally, two copper-constantan thermocouples were spot- 
welded near the rear of the copper shell. Measurements of heating rates with 
these three thermocouple installations agreed closely. 

For configuration B the model was electroformed from pure nickel to a 
wall thickness of 0.010 inch. For configuration C the nose was thick copper, 
and the afterbody was made of 301 stainless steel with a 0.010-inch wall thick- 
ness. Both of these models were instrumented with No. 36 gage chromel- 
cons tantan thermocouples spot-welded to the inside of the model skin. These 
models were on hand at the time the investigation was started. 

Some of the stagnation-point heat-transfer data presented herein were 
measured on a 1-inch-diameter hemisphere. This hemisphere was made of copper 
with a wall thickness of 0.010 inch and was instrumented with a chromel- 
constantan thermocouple silver soldered to the inner surface. 


Test Technique 

Before and after each pressure test a calibration of the transducers was 
performed. The measuring side was exposed to atmospheric pressure, and a 
vacuum was drawn on the reference side in finite increments. The calibrations 
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before and after the test runs showed excellent agreement. During the test 
runs, the reference pressure in the cell was maintained at 25 microns, and the 
capacitance change was recorded on a high-speed oscillograph. The estimated 
error was ±10 percent of the measured pressure. 

The heat -transfer data were obtained by determining the temperature 
response of the thin-shelled models described above. Thermocouple outputs were 
amplified and recorded on a high-speed oscillograph (l60 inches of paper per 
second) . The oscillograph deflections were curve fitted as a function of time 
and converted to heat -transfer rates by an electronic computing machine. The 
estimated maximum error was ±10 percent in the heat-transfer rate. 


RESULTS AND DISCUSSION 


Pressures 

The heating rate and heating-rate distribution depend strongly on the 
inviscid flow over a body. Therefore, the discussion of the test results 
begins with the pressure distribution, since it essentially describes the 
inviscid flow. 

Pressure measurements . - Pressures were measured along the surface of the 
hemisphere-cylinder in the various test gases. These data are presented in 
figure 3* The model surface pressure, normalized by the measured stagnation- 
point pressure, is plotted against the dimensionless distance along the body 
surface, x/R. (The shoulder -location data for nitrogen and argon are not 
plotted because the capacitance cell in the model at this location failed 
prior to runs in those gases.) The pressure distributions in the various 
gases are nearly the same. Such a result was expected over the region of the 
forebody where modified Newtonian theory should apply but not over the cylin- 
drical afterbody in light of the differing test conditions. For example, 
calculations using the blunt body and method of characteristics programs des- 
cribed in reference 13 have shown that afterbody pressures in C0 2 could be as 
much as 50 percent lower than in air, given the same free-stream density and 
velocity and with thermo chemical equilibrium assumed. Therefore, it is useful 
to investigate these results in more detail. 

As will be shown, it is believed that the reason for the good agreement 
of the experimental pressure distributions in figure 3 is that for the tests 
in air, nitrogen, and carbon dioxide, the chemical composition of the test gas 
froze as the gas expanded over the model. This would result in afterbody pres- 
sure ratios which would be about the same for these gases because the frozen 
value of the isentropic exponent was about the same. Furthermore, the pres- 
sure ratio levels of these gases are fortuitously about the same as those for 
argon . 

In order to demonstrate the latter point, a perfect -gas air and an 
equilibrium-argon calculation of p/p Q using the programs described in refer- 
ence 13 for uniform free-stream flow are compared in figure 3* (The perfect- 
gas air calculation for the present test conditions is very similar to that 
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obtained by freezing the flow along the streamlines in the shock layer. See 
reference l4, figure 59.) The theory predicts only minor differences in pres- 
sure ratio for the present air and argon test conditions, although the pre- 
dicted values are considerably higher than the data. This difference between 
the predicted and measured pressures is attributed mainly to conical flow in 
the nozzle which causes the measured surface pressures to be lower than those 
obtained in uniform flow; for example, see references 15 and 16. An estimate 
of this effect was made by modifying the programs described in reference 13 to 
account for conical source flow in the free stream. The dashed lines in fig- 
ure 3 represent the maximum expected effect of conical flow. The agreement 
with the data is somewhat better and the observed differences in air and argon 
pressure are predicted. Corrections to the data for this effect are not made 
herein, since the main objective is to study the heat transfer which is 
obtained in the same conical flow environment. 

Nonequilibrium consideration . - In order to demonstrate why it was 
believed that the flow over the model was out of equilibrium for some of the 
tests, a nonequilibrium streamtube calculation was carried out. This was done 
for air only, but the conclusions regarding freezing of the chemical composi- 
tion of the gas are believed applicable to the nitrogen and carbon dioxide 
tests. The nonequilibrium program used here is described in reference 12. 
Visualize a streamtube that is close to the stagnation streamtube and that is 
very near the outer edge of the boundary layer (see fig. 4). To start the 
calculation, initial values of velocity, density, and pressure were chosen, 
and the measured surface pressures were used to continue the calculations 
along the streamtube. A finite value of initial velocity was required to 
start the calculation, but as mentioned later, its magnitude did not influence 
the chemical composition away from the stagnation point. Calculations were 
made with two different assumptions regarding the initial state of the gas. 
Case I assumed the initial density and velocity to be that behind a normal 
shock for no chemical reactions but for equilibrium vibrational excitation. 
Case II assumed the initial density and velocity as the thermo chemical equi- 
librium values behind a normal shock. From these initial conditions, calcula- 
tions were started at x = 0 , and the flow was expanded and allowed to 
dissociate and recombine according to the governing chemical rate processes. 
The results should give a qualitative representation of the real-gas flow over 
the test model. No free-stream dissociation was considered in this analysis 
as its effect on the results is considered to be small. 

The results are demonstrated in figure 4 by plotting the number fraction 
of the species against x/R. (The calculations were started at x = 0; there- 
fore, the initial standoff distance is excluded which makes the estimates 
somewhat conservative as regards chemical freezing.) The fractions Xq and 
represent the number of oxygen and nitrogen atoms normalized by the total num- 
ber of available oxygen and nitrogen atoms . Also shown are the equilibrium 
fractions Xq* and X^* which are based on the local nonequilibrium tempera- 
ture and pressure; for example, when Xq and Xq* are equal, the oxygen is 
considered to be in thermochemical equilibrium. For case I dissociation of 
0 2 and N2 takes place rapidly, that is, Xq and X^ reach Xq* and X^ at 
x/r 0.8. From this point, no measurable recombination of oxygen atoms 
occurs, and the composition of 0 is frozen along the rest of the streamtube 
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distance whereas the N recombines to form N 2 rapidly enough to maintain 
itself in equilibrium. Similar results are found for case II (fig. 4 ), which 
starts with the gas in the thermo chemical equilibrium. Here the chemical com- 
position freezes sooner than for case I. The difference in initial values of 
X 0 * and between cases I and II results from the different assumptions 

regarding the initial state of the gas. 

Other calculations, with much smaller initial velocities, show the same 
trends exhibited by cases I and II, and all of these show that the chemical 
composition of oxygen was frozen for x/R > 0.8. These results suggest that 
the inviscid air flow around this body is not in thermochemical equilibrium. 
For the two other gases, nitrogen, and especially carbon dioxide, the same 
conclusion is believed to apply. 

Before leaving the subject of nonequilibrium flow, case I can be used to 
infer something about the condition of the inviscid flow in the vicinity of 
the stagnation point. The flow time for a particle moving along a streamline 
in the vicinity of the stagnation streamline from the shock to the body can be 
approximated by t = a/u, where A is the shock standoff distance, and U is 
the average velocity along the streamline which to a good approximation is 
u 2 / 2 . Then, with the approximation, a/r & p^/p^ = u^/u^, the following time 
is obtained: t - 2 R/u . (This is often used as the approximate dwell time of 
a fluid particle in the vicinity of the stagnation point; for example, see 
references 17 and 18.) This time was converted to an equivalent distance, as 
shown in figure 4 . The result shows that the gas near the stagnation point is 
very close to its equilibrium chemical composition. This is also concluded to 
be the case for the nitrogen tests, but no conclusion regarding the carbon 
dioxide tests can be inferred. 


Heat Transfer 


Before examining the heat-transfer data in detail, the equations for 
computing the heat transfer to a body are reviewed. For further details see 
reference 3- 


The equation governing stagnation-point heat transfer can be written as 

H._ , p o 


%fr 




Pr. 


w 


y^j 



[6o'(0)] 


( 1 ) 


Here, the well-known Newtonian value for the stagnation-point velocity gradi- 
ent has been assumed. The heat transfer at other points on an isothermal sur- 
face, with local similarity assumed can be expressed in terms of the 
stagnation-point heating rate by 
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Equations (l) and (2) consist of the product of inviscid and viscous 
quantities. The inviscid quantities require knowledge of the pressures dis- 
cussed above. The viscous quantities, g'(0) and g o '(0), require the appro- 
priate solution to the boundary -layer equations which are implicitly related 
to the inviscid flow through the local surface pressure and pressure gradient. 
An extensive study of the latter quantities for several real gases in thermo- 
chemical equilibrium is presented in reference 3* Their results show that 
equation (l) , for the gases considered herein, can be written as 



and the viscous terms in equation (2) (for axisymmetric flow) as 



(3) 


( 4 ) 


where the various constants are listed in table I. Furthermore, for a practi- 
cal range of local velocity gradients, g f (0)/g o T (0) does not depart signifi- 
cantly from unity. These conclusions also apply to frozen boundary layers on 
bodies with catalytic walls. See, for example, references 17 and 19- 

It is informative now to present the heat-transfer data and to compare 
them with the above equations. In all comparisons with theory, it is assumed 
that the gas within the boundary layer is in equilibrium. 

Stagnation-point heat transfer.- During the heating-rate distribution 
tests and during some preliminary calibration tests, the stagnation-point heat 
transfer to 1- and 2 -inch-diameter hemispherical noses was measured. These 
data are plotted in figure 5 and compared with equation (3) and with some 
shock- tube test data. Generally, the data agree reasonably well with the 
other test data and equation (3) • The theory predicts that argon has the 
highest heating rate followed in order by carbon dioxide, air, and nitrogen. 

The present data (with the possible exception of carbon dioxide) substantiate 
this. For both argon and carbon dioxide the data are consistently below theory. 
Part of the reason for this is the uncertainty in total test stream conditions 
for these two gases. For example, Bailey's thermodynamic data lead to the 
uncertainty in total enthalpy for carbon dioxide at high pressures (see, e.g., 
ref. 20), represented by the horizontal bar in figure 5(c). Further discus- 
sion regarding other factors, such as nonequilibrium stagnation-point heating, 
are not within the scope of the present investigation. 
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Heating-rate distribution .- The primary purpose of this investigation was 
to provide heating-rate distribution data in several gases and to compare 
these with one another and with theory. These data are presented next. 

The heating-rate distribution for the hemisphere-cylinder is presented in 
figures 6(a) to 6(d) for each of the four gases , and all of the data are 
plotted in figure 6(e) for comparison. The local heating rate, normalized by 
the measured stagnation-point heating rate, is plotted against x/R. Gener- 
ally, over the whole configuration, the heating rates follow the same trends 
exhibited by the pressures. In figure 6(e) it is observed that air has the 
highest heating-rate ratio at any x/R, the other gases grouping somewhat 
below, but essentially in the same order as the pressures. 

At this point, it is logical to inquire about the comparison of these 
data with equation (2). In order to evaluate equation (2) the pressure ratio 
(a measured quantity), the velocity ratio Ug/u^, and the enthalpy-gradient 
ratio are required. The enthalpy-gradient ratio was obtained from numerical 
solutions to the boundary -layer equations. This ratio generally ranged 
between 1.0 and 0*90 over the body. The velocity ratio was obtained by making 
various assumptions regarding the inviscid gas state (i.e., equilibrium or 
frozen), except for argon which was considered to be in thermochemical equi- 
librium. The solid lines in figures 6 represent equation (2) for the assump- 
tion of an equilibrium isentropic expansion of the gas from the stagnation 
point around the body. The agreement with the data on the forebody is very 
good, but the theory overpredicts the level of the heating somewhat on the 
afterbody, especially following the shoulder. The dashed curve, which com- 
pares more favorably with the air, nitrogen, and carbon dioxide data, was 
obtained by freezing the chemical composition and vibrational state of these 
gases at their respective equilibrium values at the sonic point on the fore- 
body and by using the resulting Ug/u^ in equation (2). (This is an appro- 
priate assumption in light of the previous discussion on nonequilibrium 
considerations.) This lowers the level of equation (2), bringing the data and 
theory into better agreement, although the afterbody data are consistently 
lower than equation ( 2 ). It is noteworthy that the heating-rate distribution 
is not altered significantly by the assumption used to calculate u e /u . In 
this regard, it was also found that the heating-rate distribution computed by 
equation (2) was not altered signif icantly if u e / u^ was calculated by assum- 
ing frozen flow at the boundary-layer edge from the stagnation point around 
the body. Evidently, equation (2) depends mainly on the pressure ratio itself, 
at least for the range of enthalpy considered in these tests. 

With this result in mind, it is informative to plot the measured pressure 
ratios against the measured heating-rate ratios as in figure 7- (A curve was 
"faired" through the measured pressures to obtain pressure data at x/R loca- 
tions corresponding to those for the heat transfer.) Also plotted in figure 7 
are some unpublished helium data and some air data from references 14 and 21. 
The solid lines represent equations of the form q v /q Wo = (p/p Q ) m - The data 

generally lie between the curves for m = 0.8 and 1.0. Over the forebody m 
assumes values between 0.8 and 0*9 while over the afterbody, values for m 
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are between 0-9 and 1.0. This result shows the strong dependence of the 
heating-rate ratio on the pressure ratio and is useful for obtaining quick 
estimates of the heating-rate ratio. 

The heating-rate distribution on the 30° blunted cone in air and carbon 
dioxide is presented in figure 8. No significant differences are observed in 
the heating-rate ratios for these two gases at comparable x/R locations. 
Although there were no accompanying pressure-distribution data obtained for 
this configuration, it is instructive to see whether or not equation (2) pre- 
dicts the observed results. Modified Newtonian theory was used to obtain the 
pressures. This will give a fairly good approximation to the actual pressure, 
but will not predict the overexpansion of the pressure downstream of the 
spherical nose nor the expected small reduction in surface pressure due to 
conical nozzle-flow effects. With this approximation, equation (2) shows a 
somewhat higher heating rate on the conical afterbody for air than for carbon 
dioxide when the flow is assumed to be in equilibrium. If the inviscid flow 
is assumed to be frozen on the conical afterbody, as suggested by results from 
figure 4, then equation (2) would predict essentially the same heating-rate 
ratios as for equilibrium. 

Heating-rate data on a blunted capsule-type configuration with a conical 
afterbody were also obtained. This type of configuration develops separated 
flow over the entire afterbody at low angles of attack and attached flow on 
the windward side at higher angles of attack. Figure ^ shows these results. 

In this figure the ratio of q w /q Wo for carbon dioxide to the corresponding 

ratio in air is plotted against x/R^ for two angles of attack representing 
separated and attached afterbody flows. The separated afterbody heating-rate 
ratio in carbon dioxide is higher than that of air, while for attached flow it 
appears somewhat lower. The reasons for this are not clearly understood. 
However, the observed differences between carbon dioxide and air are not sig- 
nificant, but the fact that the data agree reasonably well with one another 
may be a result of nonequilibrium expansion of the flow around the small 
corner radius. 


CONCLUSIONS 


Pressure and heat-transfer measurements on several simple configurations 
in air, nitrogen, carbon dioxide, and argon at enthalpies from 33^0 to 5400 
Btu/lb resulted in the following conclusions: 

1. The pressure distributions on a hemisphere -cylinder did not differ 
significantly in the various test gases. This was probably influenced by the 
frozen chemical composition of some of the gases as they passed over the body. 
This was verified for the air tests by a nonequilibrium streamtube calculation. 

2. The measured stagnation-point heating rates compared adequately with 
theory. Based on the same total enthalpy, the results showed that the heating 
rate in argon was about 30 percent higher than that for the other gases. 


11 



3- The heating -rate distributions on the various configurations were not 
significantly affected by changing the test gas. Theory, using measured pres- 
sures on a hemisphere cylinder and estimated pressures on a 30 ° blunted cone, 
adequately predicted the observed results . 


Ames Research Center 

Rational Aeronautics and Space Administration 
Moffett Field, Calif., June 25, 1965 
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TABLE I.- COEFFICIENTS IN HEAT -TRANSFER EQUATIONS 


Gas 

- Btu 

9 sec ft 3 ^ 2 atm 1/2 

N 

c 

Air 

86.9 

1-99 

0.096 

n 2 

78.8 

2.03 

.12 

C 0 2 

90.4 

2.04 

.10 

A 

115-8 

2.14 

.10 
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Figure 3*- Measured pressures on a hemisphere-cylinder for various gases 
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Figure 4.- Streamtube analysis for inferring the chemical state of the 

inviscid flow. 
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(a) Air. 

Figure 6.- Heat-transfer distribution on a hemisphere -cylinder for 

test gases. 
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(b) Nitrogen. 
Figure 6.- Continued. 








Figure 7-- Dependence of heating-rate ratio on pressure ratio for a 
hemisphere-cylinder in various test gases. 
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Figure 9-- Heating-rate distribution on capsule-type shape in air and 

carbon dioxide - 
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